Objective: To develop high-performance early sepsis prediction technology for the general patient population.
INTRODUCTION
Severe sepsis and septic shock are among the leading causes of death in the United States. 1, 2 Sepsis is most frequently caused by a systemic bacterial infection, but can also be caused by fungal, viral, and microbial endotoxin infections.
3,4 A nonspecific indicator of risk for developing sepsis is Systemic
Inflammatory Response Syndrome (SIRS). 5 SIRS is defined as two or more of the following variables:
temperature of more than 38°C or less than 36°C, heart rate of more than 90 beats per minute, respiratory rate of more than 20 breaths per minute or arterial carbon dioxide tension of less than 32 mm Hg, or abnormal white blood cell count (>12,000/µL or < 4,000/µL or >10% immature band forms). 5 Sepsis is defined as SIRS with the addition of a known or suspected infection. Severe sepsis is sepsis with associated organ dysfunction, and septic shock additionally includes refractory hypotension.
5,6
Approximately 750,000 patients are diagnosed with severe sepsis annually, and roughly one third of them die. 6, 7 The cost of treating sepsis is estimated to be $16.7 billion per year, making sepsis one of the most expensive conditions to diagnose and treat. 7, 8 Despite this, sepsis detection methods have changed little since 1991 and include screening labs, which may be slow or inaccurate. Multiple studies have shown that early diagnosis and treatment, such and specificity of the InSight algorithm in the prediction of sepsis, three hours prior to an extended SIRS episode. This prediction is achieved through the analysis of correlations between nine common vital sign measurements.
MATERIALS AND METHODS

Data Collection and Inclusion Criteria
This is a retrospective study using 
Gold Standard
After selection of the patients in the retrospective dataset for inclusion, each of the patients underwent a binary classification process to designate them as positive or negative for having acquired inhospital sepsis. This classification was made based on the patient meeting both of the following criteria:
(1) The patient record contains an ICD9 code (995.9) indicating in-hospital contraction of sepsis.
(2) The patient meets the 1991 Systemic Inflammatory Response Syndrome (SIRS) criteria for sepsis for a persistent 5-hour period of time. 21 The beginning of the patient's first 5-hour SIRS event is defined as the zero hour.
Training and Testing
1,394 patients satisfied inclusion criteria I-III, of which 159 (11.4%) also met gold standard criteria (1) and (2). The 1,394 patients were partitioned into mutually exclusive sets for training and testing the prediction algorithm. In order to ensure that training and testing set selections did not erroneously influence results, 4-fold cross validation was used. The 4-fold cross validation was done with a built-in MATLAB (MathWorks, Natick, MA, R2014a) function, which randomized the patients being placed in each group based on their anonymized medical record number (AMRN) provided in MIMIC II.
Analysis of Patient Time-Series Data
In order to capture trends in patient measurements and to emulate the analysis that would be performed for a prospective study, patient data were analyzed as a causal time-series. In particular, correlations between the following nine measurements (labeled as i below) -systolic blood pressure, pulse pressure, heart rate, temperature, respiration rate, white blood cell count, pH, blood oxygen saturation, and age -were classified within a sliding, 5-hour observation window. These nine measurements were selected for their standard availability, medical relevance to sepsis, and the reliable likelihood of their frequent determination in a clinical setting.
I.
At time of admission (T 0 ), age was recorded.
II.
At the Nth hour after admission, each measurement (labeled as i) was averaged over the time Serious illnesses like sepsis can initiate combative feedback cycles, exhausting the body's reserve capacity to maintain homeostasis. This development can be observed in the tightly coupled patterns of organ systems, and the coupled measurement classifications are designed to illuminate these patterns.
5
Assigning InSight Scores for the Prediction of Sepsis Onset
9
InSight was used to predict which patients would develop sepsis 3 hours before the zero hour; zero hour was defined by the patient's first sustained SIRS episode of at least five hours (the Gold Standard criterion 2). Sepsis risk scores ranged from -1.18 to 3.50, with an average of -0.211 (95% CI: -0.25 to -0.17).
InSight demonstrates an AUROC of 0.92 (95% CI: 0.86 -0.93) at three hours before a sustained SIRS episode, the zero hour (Figure 2) . We compared this performance against the documented performance of procalcitonin (PCT), 24,25 a common sepsis biomarker test, derived from a review and meta-analysis of 31 studies in the literature. 26 The AUROC of the averaged PCT blood tests is 0.85. We have assumed here that the PCT blood test is ordered at the first sign of SIRS and that laboratory results are returned and analyzed in three hours. This is a conservative estimate, assuming a rapid laboratory turnaround time. 27 By designating a score of 0.30 as the cutoff (i.e. scores higher than 0.30 indicate a prediction of sepsis), InSight achieved a sensitivity of 90% and a specificity of 81%, compared with only 63% sensitivity at a comparable 80% specificity for the PCT assay.
Along with PCT ≥ 2.05 ng/mL, 26 we further compared InSight sensitivity and specificity against results from the literature for lactate ≥ 2 mmol/L, 28,29 a common sepsis stratification biomarker, and the Systemic Inflammatory Response Syndrome (SIRS) criteria 5 ( Figure 3) . InSight rivaled the sensitivity of the SIRS criteria (90% vs. 93%) and the specificity of the referenced lactate assay (81% vs. 82%). However, the SIRS criteria alone have poor specificity, resulting in a 90% false positive rate, and the lactate assay is reported to have a low sensitivity of only 34%.
28
The InSight results were robust under several random, mutually exclusive training and testing set selections. We summarize the InSight patient classification 3 hours before zero hour in a confusion matrix, for one quarter of the patient population used as a test run (Table 1) 
DISCUSSION
We have developed an algorithm, InSight, which predicts patient sepsis development three hours prior to a sustained SIRS episode, and which demonstrates a sensitivity of 90% at a specificity of 81%.
This prediction is calculated using only nine very common clinical measurements, and outperforms the existing biomarker detection methods. While the SIRS criteria are sensitive to sepsis, SIRS suffers from a high false positive rate. 30 Contrastingly, lactate assays are specific, but often miss septic patients. 28 The lack of adequate prediction for patients at risk of septic shock in the ICU prevents early intervention and inhibits the ability to study and develop effective treatment methods for patients prior to organ dysfunction or hypotension. InSight's high sensitivity and specificity, along with the ability to provide 3-hour advance notice before a sustained SIRS event, provides early and accurate identification of patients at risk for sepsis development and would be a useful clinical tool for the early prediction of sepsis evolution. Early identification of sepsis risk would allow clinicians to implement supportive treatments, determine appropriate antibiotic administration, and potentially reduce associated complications and extended patient hospitalizations.
InSight's key feature is the ability to combine diverse measurements and find correlations of these aggregate measurements with patient outcomes of interest. This feature is critical for sepsis prediction, as multi-organ diseases evolve in complicated ways that elude existing diagnostic methods. The correlations of measurements, as well as their trends over time, could provide valuable information about current homeostatic conditions. This is demonstrated here through the analysis of triplet trend contributions to patient scores. In particular, the dependence of score fraction on time suggests that higher order correlations played an essential role in early sepsis detection, but mattered less closer to zero hour.
Existing tools, which consider only low-dimensional correlations, have yet to tap into this wealth of higher-order predictive power. 
